We consider the two-Higgs-doublet model as a framework in which to evaluate the viability of scenarios in which the sign of the coupling of the observed Higgs boson to down-type fermions (in particular, b-quark pairs) is opposite to that of the Standard Model (SM), while at the same time all other tree-level couplings are close to the SM values. We show that, whereas such a scenario is consistent with current LHC observations, both future running at the LHC and a future e + e − linear collider could determine the sign of the Higgs coupling to b-quark pairs. Discrimination is possible for two reasons. First, the interference between the b-quark and the t-quark loop contributions to the ggh coupling changes sign. Second, the charged-Higgs loop contribution to the γγh coupling is large and fairly constant up to the largest charged-Higgs mass allowed by tree-level unitarity bounds when the b-quark Yukawa coupling has the opposite sign from that of the SM (the change in sign of the interference terms between the b-quark loop and the W and t loops having negligible impact).
INTRODUCTION
Now that the existence of a Higgs boson is firmly established [1, 2] , the ATLAS and CMS collaborations at the Large Hadron Collider (LHC) have started probing the Higgs couplings to the fermions and to the gauge bosons [3] [4] [5] . With almost all data from the 8 TeV run analyzed, it becomes increasingly clear that the Standard Model (SM) predictions regarding the Higgs experimental rates are completely consistent with the current experimental data at the 95% CL, in some cases at the 68% CL. In the future, the LHC and an International Linear Collider (ILC) could further reinforce this consistency with ever higher precision or could eventually reveal some discrepancies. At this moment in time, it is important to delineate the portions of parameter space of models where qualitative and quantitative differences of
the couplings with respect to the SM are consistent with current data but would be revealed by the upcoming LHC runs or at a future collider such as the ILC.
In this work, we will discuss the interesting possibility of a sign change in one of the Higgs Yukawa couplings, h D for down-type fermions or h U for up-type fermions, relative to the Higgs coupling to V V (V = W ± or Z). It is well known that the current LHC results cannot differentiate between scenarios where a sign change occurs in the h D Yukawa couplings (see e.g. Refs. [6] [7] [8] ) simply using the measured properties of the observed Higgs-like boson and assuming no particles beyond those of the SM. For example, in the most recent fit of Ref. [8] , it is found that while the coupling of the Higgs to top quarks must have the conventional positive sign relative to the Higgs coupling to V V , the couplings of down-type quarks and leptons are only constrained to |h D /h SM D | = 1.0 ± 0.2, where the sign ambiguity arises from the weak dependence of the gg and γγ loops on the Higgs couplings to bottom-quark pairs. The sign degeneracy in the determination of h D at the LHC has also been stressed recently in Ref. [9] .
In this paper, we will show that the sign of the bottom Yukawa can be determined with sufficient LHC data or at an ILC. The results of this paper will be established in the framework of the softly-broken Z 2 -symmetric (CPconserving) two-Higgs doublet model (2HDM). The 2HDM possesses two limiting cases (called the decoupling and alignment limits introduced in Section 3), in which the Higgs couplings to V V , fermion pairs, and the cubic and quartic Higgs self-couplings approach their SM values. But, the 2HDM is also sufficiently flexible as to allow for a SM-like limit for the Higgs couplings to V V , up-type quark pairs and Higgs self-couplings, but with a coupling to down-type fermions that is opposite in sign to that of the SM. We can thus explore what happens in the context of this specific model when the only tree-level difference relative to the SM is the sign of h D . The sign of h D impacts both the ggh and γγh couplings. The ggh coupling will change significantly when the sign of h D is changed due to the fact that the sign of the interference between the bottom-quark and top-quark loops is reversed. The h → γγ amplitude is altered primarily because the decoupling of the charged-Higgs loop contribution can be temporarily avoided until a rather large charged-Higgs mass, the boundary being set by the point at which the theory violates tree-level unitarity. Indeed, the non-decoupling of the charged-Higgs loop dominates over the change in the sign of interference terms involving the b-quark loop (whose interference is unobservably small on its own), and leads to a potentially observable decrease in the magnitude of the γγh effective coupling. While the change in the sign of interference terms involving the bottom loop is a universal feature that can be used to resolve the relative sign of h D versus h U , the charged-Higgs temporary non-decoupling need not be. The latter proves essential to using the γγ final state of Higgs decay to determine the sign of h D relative to h U , even allowing said discrimination at the next run of the LHC. Using the gg coupling is more generically useful and allows the sign determination both at the LHC (albeit somewhat indirectly) and at a future linear collider.
As already implicit in the statements above, it is important to explore the h D sign issue in the context of a model in which both signs of h D are allowed and physically distinguishable. The CP-conserving 2HDM provide one such context. Sensitivity to the sign of h D requires that the measurable collider event rates depend significantly on it. The collider event rates are conveniently encoded in the cross section ratios µ h f defined by
where σ is the Higgs production cross section and BR(h → f ) is the branching ratio of the decay to some given final state f ; σ SM and BR(h SM → f ) are the expected values for the same quantities in the SM. The experimentally measured values of µ h f for a variety of final states f at the LHC already provide interesting constraints on the 2HDM parameter space [10] .
In this paper, we do not separate different LHC initial state production mechanisms (gg → h, V V → h, bb → h, V h associated production and tth associated production); that is, we sum over all production mechanisms in computing the cross section. In our analysis of Higgs phenomena at the ILC, we consider only the e + e − → Zh production process. We employ the notation µ h f (LHC, ILC) when discussing these ratios for the LHC and ILC, respectively. In deciding whether or not a given 2HDM parameter choice is excluded by LHC data for given values of µ h f (LHC), all the currently well-measured final states f = W W * , ZZ * , bb, τ + τ − , γγ must be employed. In particular, we will find that 2 MODELS AND CONSTRAINTS ggh couplings will be detectable in the future with the LHC operating at √ s ∼ 14 TeV, assuming an accumulation of luminosity L ≥ 300 fb −1 , and at a future ILC.
This paper is organized as follows. In Section 2, we describe the 2HDM and the constraints imposed by theoretical and phenomenological considerations. In Section 3 we introduce the decoupling and alignment limits, and then define the wrong-sign Yukawa couplings scenario and discuss its properties. In Section 4 we analyze the detailed phenomenology of the wrong-sign Yukawa coupling scenario, and in Section 5, we exhibit the results of our analysis. Our conclusions are presented in Section 6. Appendix A provides details regarding the Higgs basis scalar potential parameters of the 2HDM relevant for Section 3. The Higgs sector of the minimal supersymmetric extension of the Standard Model (MSSM) [11] is a special case of the Type-II 2HDM introduced in Section 2. The possibility of an MSSM Higgs sector with an opposite-sign hbb coupling relative to the SM is addressed in Appendix B. Finally, Appendix C explains the non-decoupling behavior of the charged Higgs loop contribution to the h → γγ amplitude in a Type-II 2HDM that is particularly relevant when h D has a sign opposite that of the SM.
MODELS AND CONSTRAINTS
The 2HDM is an extension of the scalar sector of the SM with an extra hypercharge-one scalar doublet field, first introduced in Ref. [12] as a means to explain matter-antimatter asymmetry (see Refs. [13, 14] for a detailed description of the model). The most general Yukawa Lagrangian, in terms of the quark mass-eigenstate fields, is:
where
and K is the CKM mixing matrix. In eq. (2.1) there is an implicit sum over the index a = 1, 2, and the η U,D are 3×3 Yukawa coupling matrices. In general, such models give rise to couplings corresponding to tree-level Higgs-mediated flavor-changing neutral currents (FCNCs), in clear disagreement with experimental data. A natural way to avoid FCNC interactions is to impose a Z 2 symmetry on the dimension-4 terms of the Higgs Lagrangian in order to set two of the η Q a equal to zero in eq. (2.1) [15] . This in turn implies that one of the two Higgs fields is odd under the Z 2 symmetry. The Higgs potential can thus be written as:
cos α/ sin β cot β sin α/ sin β cos α/ sin β cot β sin α/ sin β Down-type quarks and charged leptons cos α/ sin β − cot β sin α/ sin β − sin α/ cos β tan β cos α/ cos β As noted above, Higgs-mediated tree-level FCNCs can be avoided by imposing a Z 2 symmetry that is preserved by all dimension-four interactions of the Higgs Lagrangian. Different choices for the transformation of the fermion fields under this Z 2 lead to different Higgs-fermion interactions. In this paper, we shall focus on two different choices, which lead to models that are called the Type-I [18, 19] and Type-II [19, 20] 2HDM. In the Type-I 2HDM, η
In the former all fermions couple exclusively to Φ 2 while in the latter the up-type quarks couple exclusively to Φ 2 and the down-type quarks and charged leptons couple exclusively to Φ 1 . In both the Type-I and Type-II 2HDM, the Higgs-fermion couplings are flavor diagonal and depend on the two angles α and β as shown in Table I . The tree-level MSSM Higgs sector is a special case of the Type-II 2HDM [11] .
The most relevant constraints on the 2HDM are briefly discussed in Ref. [21] . Here, we will just enumerate the constraints imposed on the parameters of the CP-conserving 2HDM.
• The Higgs potential is bounded from below [22] ;
• Tree-level unitarity is imposed on the quartic Higgs couplings [23] ;
• It complies with S and T parameters [24, 25] as derived from electroweak precision observables [26] [27] [28] ;
• The global minimum of the Higgs potential is unique [29] and no spontaneous charge or CP-breaking occurs [17] ;
• Indirect constraints on the (m H ± ,tan β) plane stem from loop processes involving charged Higgs bosons. They originate mainly from B physics observables [27, 30, 31] and from the R b ≡ Γ(Z → bb)/Γ(Z → hadrons) [27, [32] [33] [34] [35] [36] measurement. In particular, for the Type-II 2HDM, m H ± > ∼ 340 GeV is required.
• LEP searches based on e + e − → H + H − [37] and recent LHC results [38, 39] based on pp →t t(→ H +b ) constrain the mass of the charged Higgs to be above O(100) GeV, depending on the model Type.
Finally we should note that there is an unexplained discrepancy between the value of B → D ( * ) τ − ν τ measured by the BaBar collaboration [40] and the corresponding SM prediction. The observed deviation is of the order 3.4 σ. If confirmed, this observation would exclude both the SM and the version of the 2HDM considered in this work.
DECOUPLING, ALIGNMENT, DELAYED DECOUPLING AND THE WRONG-SIGN YUKAWA COUPLINGS
In light of the fact that the LHC Higgs data is consistent with the predictions of the Standard Model with one complex hypercharge-one Higgs doublet, it is of interest to consider the limit of the 2HDM in which the properties of the lightest CP-even Higgs boson h approach those of the SM Higgs boson. It is convenient in this section to adopt a sign convention in which sin(β − α) is non-negative, 2 i.e. 0 ≤ β − α ≤ π. Since
1) 2 The implications of an alternative convention |α| ≤ 1 2 π, employed in the 2HDM parameter scans of Sections 4 and 5, will be addressed later in this section.
In both the decoupling and alignment limits, the couplings of h to the fermions should also approach their SM values. To see how this happens, consider the hf f couplings in the case of the Type-II 2HDM. Using the results displayed in Table I , the hf f couplings relative to those of the SM (for f = U, D) are given by:
In the case of cos(β − α) = 0, the hf f couplings reduce precisely to the corresponding SM values. However, for values of cos(β − α) that are small but non-zero, the decoupling limit can be "delayed" if either tan β or cot β is large. On the other hand, it is desirable to have (m t /v) cot β < ∼ 1 and (m b /v) tan β < ∼ 1, in order to avoid non-perturbative behavior in the couplings of H, A and H ± to the third generation at scales far below the Planck scale. In addition, phenomenological constraints arising from B physics observables and R b mentioned above rule out regions of tan β < ∼ 1 for large regions of the 2HDM parameter space [31] . Consequently, we shall focus on the parameter region where
In this case, decoupling is not delayed for the coupling of h to up-type fermions. On the other hand, for tan β in the range of interest, it is certainly possible to have sin(β − α) close to 1 and yet have significant departures from decoupling in the coupling of h to down-type fermions. That is, it is possible to have sin(β − α) close to 1 and yet have cos( Thus, if tan β 1 we say that we have delayed decoupling [54] , since a much larger value of the heavy Higgs mass scale is required to achieve decoupling of the heavy Higgs states (i.e. m H v is not sufficient). H as the SM-like Higgs boson. We will not consider this possibility further in this paper. 4 Likewise, the alignment limit is also delayed, since the condition |Z 6 | 1 is now replaced by |Z 6 | tan β 1.
The wrong-sign Yukawa coupling regime is defined as the region of 2HDM parameter space in which at least one of the couplings of h to down-type and up-type fermion pairs is opposite in sign to the corresponding coupling of h to V V . This is to be contrasted with the Standard Model, where the couplings of h to f f and V V are of the same sign. Note that in the convention where sin(β − α) ≥ 0, the hV V couplings in the 2HDM are always non-negative. To analyze the wrong-sign coupling regime, it is more convenient to rewrite the Type-II Higgs-fermion Yukawa couplings, given by eqs. (3.4) and (3.5) , in the following form:
In the case of sin(β + α) = 1, the hDD coupling normalized to its SM value is equal to −1 (whereas the normalized hU U coupling is +1). Note that in this limiting case, sin(β − α) = − cos 2β, which implies that the wrong-sign hDD Yukawa coupling can only be achieved for values of tan β > 1. Likewise, in the case of sin(β + α) = −1, the hU U coupling normalized to its SM value is equal to −1 (whereas the normalized hDD coupling is +1). In this limiting case, sin(β − α) = cos 2β, which implies that the wrong-sign hU U couplings can only be achieved for tan β < 1. In the Type-I 2HDM, both the hDD and hU U couplings are given by eq. (3.5) [or equivalently by eq. (3.9)]. Thus, for sin(β − α) = −1, both the normalized hDD and hU U couplings are equal to −1, which is only possible if tan β < 1. In light of eq. (3.6), only the wrong-sign hDD coupling regime of the Type-II 2HDM can be realistically achieved.
It should be emphasized that the above conclusions do not depend on the convention adopted for the range of the angle α. In the convention used in Sections 4 and 5 of this paper, we scan over |α| ≤ π/2, which allows for the possibility of negative sin(β − α). However, the definition of the wrong-sign Yukawa coupling is not changed as it refers to the relative sign of the hf f and hV V couplings. To translate between both conventions, one simply must shift α → α ± π (the sign chosen so that α is in its desired range). In practice, the scans of Section 4 and 5 focus on the wrong-sign hDD coupling regime where tan β > 1, in which case sin(β − α) > 0 and the distinction between the two conventions becomes moot.
In the above discussion of the wrong-sign Yukawa coupling regime, we have not yet imposed the requirement that h is SM-like. In particular, for a fixed value of tan β, the limit of sin(β + α) → 1 is not the decoupling limit (indeed the hV V couplings do not approach their SM values except in the limit of α → 0 and β → 1 2 π). This implies that for | cos(β − α)| 1 we must have tan β 1, Likewise, the limit of sin(β + α) = −1 is not the decoupling limit unless β → 0 and α → − 1 2 π, i.e. cot β 1. Again, we see that for values of tan β > 1, among all possible wrong-sign Yukawa coupling scenarios only the wrong-sign hDD coupling in the Type-II 2HDM is phenomenologically viable.
Therefore, in this paper, we shall explore the possibility that the hDD coupling normalized to its SM value is close to −1 in the Type-II 2HDM. 5 This scenario was first examined in Ref. [55] and then later clarified in Ref. [16] . Current LHC Higgs observations are not sufficiently precise as to allow one to distinguish this case from that of the SM Higgs boson. To study this case, we first define a parameter by defining the normalized hDD coupling to be given by
Multiplying eq. (3.10) by −2 cos 2 β, and employing the trigonometric identity, 2 cos β sin α = sin(β + α) − sin(β − α), it follows that
By employing the trigonometric identity sin(β − α) = sin 2β cos(β + α) − cos 2β sin(β + α) and taking 0 ≤ β ≤ 1 2 π, one can also derive
(3.13) 5 The possibility that a parameter regime of the MSSM Higgs sector exists with a wrong-sign hDD coupling is addressed in Appendix B. 6 Although we are interested in the 2HDM parameter regime where is small, eq. (3.11) is valid for all values of . In particular, for = 2
we have sin(β − α) = 1 and sin(β + α) = − cos 2β, which is consistent with the result of eq. (3.11).
Using eqs. (3.4) and (3.10), it follows that
Since the hV V couplings are assumed to be close to the SM, we still must impose the constraint that | cos(β −α)| 1. Thus, in the case of the wrong-sign hDD Yukawa coupling, we must have tan β 1, which is the region of delayed decoupling defined below eq. (3.7).
For completeness, we also also examine the case of a wrong-sign hU U coupling in the Type-II 2HDM (or the case of the wrong sign hU U and hDD couplings in the Type-I 2HDM) by taking sin(β + α) close to −1 [cf. eq. (3.9)]. To study this case, we first define a parameter via
which yields an hU U coupling normalized to its SM value given by −1 + . An analysis similar to the one used in the case of the wrong-sign hDD Yukawa coupling yields
Using eqs. (3.5) and (3.14), it follows that To complete the analysis of the tree-level Higgs couplings, we briefly look at the h self-coupling. In the 2HDM, the hhh coupling 7 is given by [16] :
where in the softly-broken Z 2 -symmetric 2HDM, the Z i are given in eqs. (A.6)-(A.10). Rewriting the Z i in terms of the λ i yields
which reproduces the result given in Ref. [56] . Using the results of Appendix D of Ref. [16] , we can rewrite the hhh coupling in a more convenient form,
which reproduces the result given in Ref. [57] (after correcting a missing factor of 2). In the decoupling/alignment limit where sin(β − α) = 1, we have cos α = sin β and sin α = − cos β. Then, the hhh coupling reduces to the SM value,
7 A similar analysis can be given for the hhhh coupling using the results given in Ref. [16] . However, this coupling cannot be realistically probed by the LHC and ILC, so we will not provide the explicit expressions here.
In the wrong-sign Yukawa coupling limit for Type-II Higgs couplings to down-type [up-type] fermions, respectively, where sin(β + α) = +1 [−1], we have cos α = +[−] sin β and sin α = +[−] cos β, so that
which reduces to the SM value only when β → 1 2 π [β → 0] for Type-II Higgs couplings to down-type [up-type] fermions, respectively. It is quite remarkable that this matches the behavior of the hV V coupling in the same limit. In particular, for sin(β + α) = ±1, we have sin(β − α) = ∓ cos 2β, as previously noted. Hence in the wrong-sign Yukawa coupling limit, eq. (3.1) yields
Of course, the corresponding first order corrections to the hhh and hV V couplings will differ as one moves away from the strict limiting case treated above.
In the decoupling and alignment limits discussed at the beginning of this subsection, the tree-level couplings of h approach the corresponding values of the SM Higgs boson. The behavior of the decoupling and alignment limits differ when one-loop effects are taken into account. In the decoupling limit, the properties of h continue to mimic those of the SM-like Higgs boson since the effects of the H, A and H ± loops decouple in the limit of heavy scalar masses. In contrast, the alignment limit only requires that |Z 6 | 1, so that in principle the masses of H, A and H ± could be relatively close to the electroweak scale. In this case, the loop effects mediated by H, A and H ± can compete with other electroweak radiative effects and thus distinguish between h and the SM Higgs boson.
In processes in which the one-loop effects are small corrections to tree-level results, very precise measurements will be required to distinguish between h and the SM Higgs boson in the alignment limit. Indeed, a much more fruitful experimental approach in this case is to search directly for the H, A and H ± scalars! However, in Higgs processes that are absent at tree-level but arise at one-loop, the loop effects mediated by H, A or H ± can compete directly with deviations that arise due to small departures from the alignment limit. The most prominent example is the decay rate for h → γγ. Departures from the SM decay rate for h → γγ can arise either from deviations in the hW + W − , htt and/or hbb couplings from their SM values, or from the contributions of the charged Higgs boson loop (which is not present in the SM). To compute the latter, we need to compute the hH + H − coupling. Using the results of Ref. [16] , 26) where Z 3 and Z 7 are defined in terms of the λ i in eqs. (A.8) and (A.10). It is convenient to re-express the hH + H − coupling in terms of the Higgs masses and λ 5 . Using the expressions given in Appendix D of Ref. [16] , we obtain
In the alignment limit where the masses of H, A and H ± are of order the electroweak scale,
the charged Higgs loops can compete with the SM loops that contribute to the h → γγ one-loop amplitude. In the normal decoupling limit where m
as expected, in which case the charged Higgs loop contribution to the h → γγ amplitude is suppressed by a factor of v 2 /m 2 H ± . Note that this factor is of the same order as cos(β − α). The contribution of the fermion loops also deviates from the SM by a factor of O cos(β − α) due to the modified tree level hf f couplings [cf. eqs. (3.4) and (3.5)].
8 However, in the decoupling limit the contribution of the bottom quark loop is suppressed by a factor of m 2 b /v 2 and can thus be
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ignored. We conclude that the deviation from the SM in the decoupling limit is due primarily to the top quark loop and the charged Higgs loop, whose contributions to the h → γγ decay amplitude are of the same order of magnitude. 
. It would then follow that the contribution of the charged Higgs loop contribution to the h → γγ amplitude, which scales as G hH + H − /m 2 H ± , approaches a constant in the region of m H ± m h . This non-decoupling behavior was first emphasized in Ref. [58] and subsequently re-examined in Ref. [59] . Indeed, the behavior of the charged Higgs loop in the non-decoupling regime is similar to the contribution of a heavy fermion loop to the h → γγ amplitude, which scales as G hf f /m f and approaches a constant for m f m h . In particular, if m f is too large, then G hf f = m f /v 1 and tree-level unitarity is violated. However, there is an intermediate range of heavy fermion masses above m h but below the mass scale at which tree-level unitarity is violated, in which the fermion loop contribution to the h → γγ amplitude is approximately constant. Likewise, if G hH + H − /v 1 is too large then one would need to take Z 3 above its unitarity bound [in light of eq. (3.26)]. Again, there is an intermediate region of heavy Higgs masses (where tree-level unitarity is still maintained) in which the charged Higgs loop contribution to the h → γγ amplitude is approximately constant. Thus, we expect regions of 2HDM parameter space in which a SM-like Higgs can exhibit a non-negligible deviation in Γ(h → γγ) from SM expectations.
Alternatively, the second term on the right-hand side of eq. (3.27) can be enhanced in the delayed decoupling regime where tan β 1 and
However, this behavior is also associated with growing quartic couplings that can potentially violate tree-level unitarity. Indeed, by comparing with eq. (3.26), we see that Z 7 is being enhanced. More directly, it is straightforward to obtain where it is shown that such non-decoupling is inevitable for the wrong-sign hDD coupling scenario. The resulting magnitude of the effect yields deviations from the SM that will ultimately be observable at the LHC and a future linear collider, as discussed in the following sections.
It is convenient to define the ratio of the h → f coupling to the corresponding SM value as
where we will be considering f = bb, cc, τ + τ − , W W * , ZZ * . As for the coupling to photons, κ γ is defined as
with an analogous definition for κ g . Note that κ γ and κ g are strictly positive, whereas the remaining κ f could be either positive or negative. These definitions for the couplings κ coincide with the definitions used by the experimental
groups at the LHC [60] , at leading order. We shall also make the simplifying assumption (which holds in the SM and in the 2HDM under consideration) that all down-type [up-type] fermion final states are governed by the same κ D [κ U ]. It is convenient to begin with a simplified discussion of the impact of changing the sign of κ D in order to set the stage. In this section, we employ the convention of |α| ≤ π/2 for which κ U > 0 in both Type-I and Type-II models. For this choice, the hV V coupling of eq. (2.4) can, in principle, be either positive or negative. However, for κ U > 0, the phenomenology of the γγ final state requires that the hV V coupling be positive, which means that acceptable regions of parameter space must have β − α > 0.
Consider first the amplitude of the process h → gg. In an appropriate normalization, the top and bottom quark loops contribute 4.1289 and −0.2513 + 0.3601i, respectively, when κ U = 1 and κ D = 1. This implies a large fractional change in the ggh coupling with a change of sign of κ D . One finds a shift in κ g of +13% in going from positive κ D = +1 to κ D = −1. Naïvely, one would suppose that this large shift would be easily observed. However, this is a difficult task at the LHC due to the challenge in identifying gluons (even if indirectly) in the final state. In addition, the primary gg fusion production cross section has some systematic errors associated with higher order corrections. Nonetheless, Table 1 -20 of Ref. [61] gives expected errors for κ g of 6-8% for L = 300 fb −1 and 3-5% for L = 3000 fb −1 , based on fitting all the rates rather than directly observing the gg final state. At the ILC, the primary production mechanism of e + e − → Z * → Zh is very well-determined in terms of the ZZh coupling and isolation of the gg final state is easier. The error on κ g estimated in Ref. [61] is 2% for a combination of L = 250 fb −1 at √ s = 250 GeV and L = 500 fb −1 at √ s = 500 GeV. Other error estimates are to be found in Ref. [51, 62] where it is concluded that κ g can be measured at the ILC with an accuracy of 8.5% at a center-of-mass (CM) energy of 250 GeV and 7.3% at a CM energy of 350 GeV with an integrated luminosity of 250 fb −1 and beam polarization of −80% (electron) and 30% (positron) [62] . The error estimate for 500 GeV with L = 500 fb −1 decreases to ∼ 2.3% (see Tables 6.1 and 6. 2), consistent with the estimate from Ref. [61] . Thus, in the end, we can anticipate that both the LHC and ILC will be able to determine whether or not h D is positive using the indirect fit and direct measurement of κ g , respectively.
In h → γγ, the presence of the large W -boson loop contribution means that considerable precision is required to identify the interference effects. In more detail, the contributions to the amplitude of this process assuming SM couplings are as follows [these are the I h 's defined in eq. (C. to optimistic/pessimistic estimates regarding systematic and theoretical errors. Thus, if the change in κ γ was only of order 1% this could not be detected at the LHC. Nonetheless, we claim that with high enough integrated luminosity one can distinguish κ D < 0 from κ D > 0 in the context of the Type-II 2HDM using the high precision γγ final state due to the fact that the γγh coupling is inevitably suppressed in the κ D = −1 case as a result of a large non-decoupling charged-Higgs loop contribution, i.e. one that approaches a constant at large charged-Higgs mass (up to the limit at which the λ i couplings violate the tree-level unitarity bounds). There is also a κ D > 0 region of parameter space for which the charged-Higgs loop does not decouple, and this region would be ruled out in very similar fashion to the κ D < 0 region we focus on. In fact, the modification to the γγ coupling is the only way of revealing this κ D > 0 non-decoupling region. However, for κ D > 0 there is also the standard decoupling region for which the charged-Higgs loop does decouple and that would allow arbitrarily precise agreement with the SM predictions. A detailed discussion of non-decoupling and perturbativity/unitarity bounds is given in Appendix C. Typically, κ γ is inevitably suppressed relative to the SM prediction by about 5% for κ D < 0, which should be measurable at the √ s = 14 TeV LHC run for L = 3000 fb −1 . At the ILC, for a combination of L = 250 fb −1 at √ s = 250 GeV and L = 500 fb −1 at √ s = 500 GeV the expected error on κ γ is ∼ 8.3% (including a 0.5% theory uncertainty) based on measuring e + e − → Zh with h → γγ, implying that the sign of κ D cannot be directly determined at the ILC using the γγ final state.
To explore in more detail, we scan over the 2HDM parameter space subject to all the constraints described in section 2. We begin by fixing m h = 125 GeV. The charged Higgs mass is varied between 100 GeV and 900 GeV in Type-I and 340 GeV and 900 GeV in Type-II. The heavier CP-even scalar mass was kept between 125 GeV and 900 GeV while the pseudo-scalar mass range is between 90 GeV and 900 GeV. The soft-breaking parameter was varied in the range −900 2 GeV 2 < m 2 12 < 900 2 GeV 2 while 1 < tan β < 30. After passing all constraints, the points were used to calculate the various µ h f (LHC), which is the ratio of the number of events predicted by the model for the process pp → h → f to the SM prediction for the same final state,
In computing the pp → h cross section, we have summed over all light Higgs production mechanisms (gg fusion, V V fusion, V h associated production, bb fusion, and tth associated production), 9 employing a mass of m h = 125 GeV.
The processes that involve only Higgs couplings to gauge bosons can be obtained by simply rescaling the SM cross sections. Hence, for Higgs Strahlung and vector boson fusion we have used the results of Ref.
[63] (the same applies to the final state htt). We have included QCD corrections but not the SM electroweak corrections because they can be quite different for the 2HDMs. Cross sections for bb → h are included at NNLO [64] and the gluon fusion process gg → h was calculated using HIGLU [65] . (When the Higgs boson is SM-like, the bb → h cross section is much smaller than the gg → h cross section.) Our baseline will be to require that the µ h f (LHC) for final states f = W W , ZZ, bb, γγ and τ + τ − are each consistent with unity within 20%, which is a rough approximation to the precision of current data. We then examine the consequences of requiring that all the µ h f (LHC) be within 10% or 5% of the SM prediction. This enables us to understand how an increase in precision affects the scenario we will now describe in detail.
As discussed in Sections 2 and 3, the relative hV V coupling is given by
The relative Higgs-fermion couplings are κ U = κ D = cos α/ sin β in the Type-I 2HDM, whereas in the Type-II 2HDM,
In Fig. 1 we show κ D in Type-I and Type-II models as a function of tan β for those parameter space points that pass all theoretical and experimental constraints and have all µ h f (LHC) within 20% of the SM prediction of 1. In all cases, κ V > 0, which implies that a wrong-sign Yukawa coupling would correspond to a negative value of κ D or κ U . Noting that κ U ≥ 0 in the convention of |α| ≤ π/2, it follows that only regions with κ D < 0 correspond to a wrong-sign Yukawa coupling scenario. In Section 3, we showed that in the Type-II 2HDM, the κ D ∼ +1 region corresponds to the limit sin(β − α) ≈ 1 whereas the κ D ∼ −1 region is attained in the limit sin(β + α) ≈ 1,
corresponding to negative and positive values of sin α, respectively (in a convention where 0 ≤ β ≤ 1 2 π). On the other hand, the relative hV V and hhh couplings satisfy
In Fig. 2 , the left panel shows tan β as a function of sin α with all µ h f (LHC) within 20% (blue/black), 10% (green/light grey) and 5% (red/dark grey) of their SM values. We clearly see two branches-one with sin α < 0 corresponding to the SM limit and one with sin α > 0 corresponding to the wrong-sign Yukawa coupling scenario. In the left branch, the points are all such that sin(β − α) ∼ 1; the points in the right branch all have sin(β + α) ∼ 1. The right panel shows that as tan β increases the κ D < 0 branch corresponds to parameters with small cos(β − α), i.e. sin(β − α) ∼ 1. Note that the second branch is excluded if we demand that all the µ h f (LHC) fall within 5% of unity. It is instructive to consider why sin(β + α) ≈ 1 with κ D ∼ −1 is still allowed by current data. Note that eq. (3.11) implies that at very large tan β where β → 1 2 π,
In particular, when < 1 we see that sin(β − α) is always below sin(β + α). Fig. 2 reflects the behavior shown in eq. (4.7) in that the larger tan β is, the closer the negative and positive sin α regions are. Furthermore, as decreases the region where the low values of tan β are allowed decreases. Therefore, when tan β is very large we see that | cos(β − α)| 1, and we recover the SM V V and hhh couplings. Furthermore, as discussed earlier there is limited sensitivity to the sign of the Yukawa couplings for the one-loop induced γγ and gg couplings. Thus, due to the limited accuracy with which the γγ and gg couplings are (indirectly) measured, the region of wrong-sign Yukawa couplings (where sin(β + α) ≈ 1 and sin α > 0) in the Type-II 2HDM is still allowed by the current LHC data.
RESULTS AND DISCUSSION
In order to study in more detail the wrong-sign region of the Type-II 2HDM, we have generated a new set of points where we have further imposed that sin α > 0. In the left panel of Fig. 3 we present κ D as a function of sin(β − α) , with all µ h f (LHC) within 20% of the SM values in blue (black) and 10% of the SM values in green (light grey). As expected, the values are very close to the region where κ D = −1 while simultaneously sin(β − α) approaches 1. As the µ h f (LHC) values are required to agree more precisely with the SM value of 1, the points move closer to the above limit.
In the right panel we show the same ratio as a function of tan β. As tan β grows, sin(β + α) is forced to be closer to sin(β − α) as indicated in eq. (4.7) and is forced to be closer to 1 due to the LHC constraints. As indicated by Fig. 2,  increasing In fact, we will see that it is µ h γγ (LHC) that makes overall consistency with SM rates at the 5% level impossible in the sin α > 0 branch. This is due to the fact that for all the κ D < 0 points we are in the non-decoupling regime for which the charged Higgs boson loop contribution to the h → γγ amplitude is approximately constant as a function of m H ± (up until the tree-level unitarity upper limit of m H ± ∼ 650 GeV, beyond which κ D < 0 is not a perturbatively consistent possibility). The charged Higgs loop gives about a 10% reduction in Γ(h → γγ) that is inconsistent with µ h γγ (LHC) being within 5% of unity. The details of the non-decoupling regime are discussed at length in Appendix C. Another perspective is obtained by examining Fig. 4 . There, we have shown regions in κ D vs. tan β space where either µ h γγ (LHC) (black) or µ h bb (LHC) (cyan) are within 5% of unity for points in the sin α > 0 branch. 10 We observe 10 Note that µ h τ + τ − (LHC) = µ h bb (LHC) in the 2HDM, implying that measurements in the τ + τ − channel are equally useful. Further, at the LHC, the τ + τ − final state will be more precisely measured than for the bb final state. that the two branches represented do not intersect, and as such it is impossible to achieve 5% agreement with the SM in both of these channels. This explains why there are no red points in the right branch of the plots in Fig. 2 . enhancement of σ(gg → h) when κ D < 0 the gg → h → γγ rate is not as suppressed relative to the remaining processes but still contributes to the overall inconsistency for κ D < 0 between these γγ final state channels with other final states such as ZZ, W W and τ τ when all are measured with 5% accuracy.
In Fig. 6 , we show in κ γ or κ g vs. κ D space the points that are allowed if the µ h f (LHC)'s are each within 20% (blue), 10% (green), or 5% (red) of unity (the SM limit). We observe from the left hand plot that κ γ is always at least 5% below unity in the κ D < 0 region and that 5% accuracy on the µ h f (LHC)'s will eliminate this region entirely. In fact, as we saw in Fig. 5 it is µ h γγ (LHC) that necessarily has a greater than 5% deviation from unity. The right hand plot shows that in the κ D < 0 region, κ g is always bigger than 1.13. However, since currently the LHC is unable to determine κ g with the necessary accuracy this does not help to exclude the κ D < 0 region. But, as summarized earlier, with L = 300 fb −1 at √ s = 14 TeV, κ g can be determined to about 8% accuracy and such a deviation will certainly be observable.
As noted earlier, at the ILC the gg final state becomes a powerful tool for determining the sign of κ D . Thus, we shall explore the gg final state issues in more detail. In Fig. 7 we exhibit κ
function of κ D for sin α < 0 (left) and sin α > 0 (right) with all µ h f (LHC) within 20% of the SM values in blue (dark grey) and 10% of the SM values in green (light grey). Contrary to the SM-like scenario, when sin α > 0 (wrong-sign Yukawa coupling) the value of the ratio of the widths is always above 1.25. Fig. 7 shows that the minimum value of κ 2 g becomes larger when smaller deviations of the µ h f (LHC)s from unity are required. In particular, when the h D coupling changes sign but all tree-level couplings have SM magnitude, the ratio between the two widths is exactly
which is in agreement with HDECAY [66, 67] and 2HDMC [67, 68] . Note that this interference effect, which is almost 30% relative to the SM, does not manifest itself in the production process gg → h that is important for the LHC and might therefore have been quite easily detectable. In contrast to the leading order (LO) result,
at NNLO in the limit of sin( [65] while the ratio of the partial widths of h → gg does not suffer any significant change in going from LO to NNLO. Therefore, the present LHC data cannot discriminate between the two scenarios based on interference effects at the production level; it is only through 5 RESULTS AND DISCUSSION a luminosity L ≥ 300 fb −1 of data accumulated at √ s = 14 TeV and a combined fit of the rates for all final states that one can manage to determine the underlying κ g with adequate precision.
Of course the ILC can probe BR(h → gg) more easily and directly using the process e + e − → Zh → Zgg. We define
where σ is the measured e + e − → Z * → Zh Higgs production cross section at the ILC and σ SM and BR(h SM → gg) are the SM values of the production cross section at the ILC and branching ratio of a Higgs decaying to a pair of gluons. The ratio of the cross sections in the process e + e − → Zh is just sin 2 (β − α). Likewise we can define similar ratios for the processes e + e − → Zh → Zbb and e + e − → Zh → Zcc which we will call µ 
CONCLUSIONS
The couplings of the Higgs boson recently discovered at the LHC to the fermions and gauge bosons are starting to be measured with some precision. It is important to understand the implications of these results in the context of specific Higgs sector models. In this paper, we considered Type-I and Type-II Z 2 -symmetric and CP-conserving 2HDMs. Our focus was on the fact that the sign of the Yukawa coupling to the down-type fermions could be opposite to that of the SM. Using scans over Type-I and Type-II parameter spaces, subject to basic theoretical and experimental constraints as described in the main text, we found that a sign change in the down-quark Yukawa couplings can be accommodated in the context of the current LHC data set at 95% CL, but only in the case of the Type-II 2HDM when sin(β + α) ∼ 1. The situation is different in the Type-I 2HDM -because only one doublet couples to all fermions the sign change would result in deviations from the SM predictions that are incompatible with the current Higgs data set. In this paper, we address the possibility of probing the wrong-sign Yukawa coupling of the Higgs to down-type quarks with future measurements of Higgs properties at the √ s = 14 TeV LHC and at the International Linear Collider. In particular, we performed a scan dedicated to the part of Type-II 2HDM parameter space where the wrong-sign down-type quark coupling is currently acceptable. We filtered parameter space points requiring that the values of µ h f (LHC), the production rate of a given final state f relative to the SM, are within either 20%, 10% or 5% of the SM predictions for the LHC. Of greatest immediate interest is the fact that projected precisions for the determination of the magnitude of the γγh coupling relative to its SM value, κ γ (using pp → h → γγ in particular) imply that the LHC with √ s = 14 TeV and L ≥ 300 fb −1 will either rule out or confirm the wrong-sign scenario. Of particular importance for this conclusion is the fact that the charged-Higgs loop contribution to the γγh couplings does not decouple for the sin(β + α) → 1 scenario, leading to a ∼ 10% decrease in Γ(h → γγ). This statement applies for any charged Higgs mass below the bound of about 650 GeV for which the Higgs coupling parameters satisfy tree-level unitarity bounds. In the context of the model, a finding that the h D Yukawa has a negative sign and also detecting a charged Higgs with mass above 650 GeV would imply that the theory is in a realm where perturbative calculations become suspect. In addition, we have shown that the predictions for the measurements of µ h gg (ILC) and µ h bb (ILC) at the ILC would allow us to probe the wrong-sign Yukawa coupling of a Type-II 2HDM. Therefore, at both collider facilities, either a measurement or a definite 95% exclusion limit could be set on the wrong-sign Yukawa coupling scenario. 
The Higgs masses and cos(β − α) do not depend on the parameters Z 2 and Z 7 .
B THE WRONG-SIGN hDD COUPLING AND THE MSSM HIGGS SECTOR
Appendix B: The wrong-sign hDD coupling and the MSSM Higgs sector
The tree-level scalar potential of the MSSM Higgs sector is given by eq. (2.2), with [11] 
In particular λ 6 = λ 7 = 0 [defined below eq. 
Using the result for Z 6 given above in eqs. (3.2) and (3.3) yields the tree-level expressions,
where m 2 h,H are the MSSM tree-level CP-even Higgs squared-masses,
In addition, the MSSM tree-level Higgs-fermion Yukawa couplings possess a Type-II structure due to supersymmetry. for all values of tan β. In particular, for tan β 1, one can never have cos(β − α) tan β ∼ O(1) in the decoupling regime. Thus, in the tree-level Higgs sector of the MSSM, the phenomenon of delayed decoupling discussed below eq. (3.7) does not occur. In light of eq. (3.4), one cannot achieve the wrong-sign hDD Yukawa coupling in the region of the tree-level MSSM Higgs sector parameter space where the hV V coupling is SM-like.
It is well known that radiative corrections can significantly alter the properties of the MSSM Higgs sector (reviewed in, e.g., Refs. [71] and [72] ). In particular, the MSSM prediction for m 2 h is significantly shifted from its tree-level value given in eq. (B.5) by radiative corrections [73] . In addition, the radiative corrections can also generate significant shifts to the tree-level values of the Higgs couplings. For example, consider the scenario in which the MSSM µ parameter and all supersymmetry-breaking mass parameters (excluding the B-parameter, which fixes the value of the mass m A ) are all of order of a common supersymmetry-breaking mass scale M SUSY . If m A M SUSY , then one can integrate out all the supersymmetric states to obtain a low-energy effective theory below the scale M SUSY , which can be identified as a 2HDM extension of the Standard Model. In this effective 2HDM, the tree-level values of the λ i given in eq. (B.1) receive significant radiative corrections. Moreover, non-zero values for λ 5 , λ 6 and λ 7 are generated [74] , which can be complex if there are CP-violating phases associated with µ, A t and the gluino mass parameter. Likewise, non-zero values for the so-called wrong-Higgs Yukawa couplings [75] that are absent in a Type-II model are also generated. That is, the resulting effective 2HDM is no longer described by a softly-broken Z 2 symmetric 2HDM with Type-II Higgs-fermion Yukawa couplings. Thus, the results of this paper are not directly applicable to the radiatively-corrected MSSM Higgs sector with m A M SUSY . Nevertheless, using the approximations given in Ref. [49] , one can check whether it is possible to achieve an wrong-sign hDD coupling in a suitable region of the MSSM Higgs parameter space in which the radiative corrections to the Higgs couplings are potentially significant.
There are two separate effects that must be taken into account. First, the wrong-Higgs Yukawa couplings that are radiatively generated contribute an additional term to the hDD coupling, which is enhanced in the limit of large tan β. Keeping only these tan β-enhanced corrections, and neglecting any CP-violating phases of the MSSM parameters for B THE WRONG-SIGN hDD COUPLING AND THE MSSM HIGGS SECTOR simplicity, the following approximate expression (for M SUSY m Z and tan β 1) is given in Ref. [49] for the hbb coupling, are the bottom squark masses, h t is the top-quark Yukawa coupling and the loop integral I(a, b, c) is given by
Note that I(a, a, a) = 1/(2a 
Second, after integrating out the supersymmetric particles to obtain the low-energy effective 2HDM, one must take into consideration the renormalization of the CP-even mixing angle α. To include these effects, we diagonalize the radiatively-corrected 2 × 2 CP-even Higgs squared-mass matrix. Denoting these loop corrections by δM In the limit of tan β 1, the term proportional to δM 2 12 in eq. (B.12) can dominate over the tree-level contribution. Using the approximate one-loop expression given in Ref. [49] ,
where X t ≡ A t − µ cot β (note that X t A t for tan β 1). A quick back-of-the-envelope numerical analysis can reveal whether it is possible to achieve a value of vg hbb /m b close to −1. We shall assume that sin(β − α) ∼ 1, corresponding to a SM-like hV V coupling. To maximize the effect of the radiative corrections, we shall also assume that tan β 1. If we further assume that all supersymmetric particle masses are of O(M SUSY ), then eq. (B.8) yields ∆ b ∼ ±0.01 tan β, where the sign is determined by the overall sign of µMg (since the first term in eq. (B.8) typically dominates). In light of eq. (3.6), we conclude that |∆ b | < ∼ 0.5, so at best the inclusion of ∆ b enhances the second term on the right hand side of eq. (B.11) by a factor of two. Thus, we examine whether it is plausible that cos(β − α) tan β ∼ O(1).
In evaluating eq. (B.13), we must also ensure that the observed Higgs mass is correctly reproduced by the choice of supersymmetric parameters which govern the radiative corrections. In the so-called maximal mixing scenario where A 2 t = 6M 2 SUSY , the approximate expression for δM 2 12 vanishes. For large values of tan β, the measured Higgs mass, ± LOOP CONTRIBUTION TO THE h → γγ AMPLITUDE AND THE κ D < 0 SCENARIO m h ∼ 125 GeV is not compatible with the maximal mixing scenario as defined in Ref. [78] , so it is reasonable to take 6 − X t A t /M , which have been neglected in the above analysis, do not spoil the estimate. Increasing the magnitude of µ or taking A t slightly above its maximal mixing value would allow for a wrong-sign hbb coupling together with a somewhat higher value of m A .
Similar considerations also apply to the hτ + τ − coupling. However, the expression for ∆ τ [analogous to eq. (B.8)
for ∆ b ] involves only terms proportional to electroweak gauge couplings. Hence, the effects of ∆ τ only have a small impact on g hτ + τ − . Thus, it is even harder to find a sensible parameter regime in which vg hτ + τ − /m τ is close to −1. We conclude that in the MSSM, the wrong-sign hbb and hτ + τ − couplings are not possible for generic choices of the MSSM parameters. Nevertheless, based on an approximate treatment of the leading radiative corrections, it seems that some extreme regions of the parameter space do exist in which a value of vg hbb /m b close to −1 can be achieved due to large radiative correction effects in the large tan β regime. A more detailed study of the MSSM Higgs parameter space based on a more complete analysis of the radiative corrections lies beyond the scope of this paper.
C NON-DECOUPLING OF THE H ± LOOP CONTRIBUTION TO THE h → γγ AMPLITUDE AND THE κ D < 0 SCENARIO However, one should also note the significant number of κ D > 0 points that hit the tree-level unitarity bound for which non-decoupling is again possible. The actual limits based on tree-level unitarity bounds are imposed in terms of various λ i amplitude combinations, of which it is a + = 1 16 π 3 2 (λ 1 + λ 3 ) + 9 4 (λ 1 − λ 2 ) 2 + (2λ 3 + λ 4 ) 2 (C.3)
that is most constraining. In Fig. 12 we plot |a + | as a function of κ D and of m H ± using the same format as in Fig. 11 . Note that |a + | is hitting the tree-level unitarity bound of 0.5 for both the κ D < 0 and κ D > 0 scenarios. However, there is no limit on the associated m H ± value in the latter case, whereas there is the already quoted limit of ∼ 650 GeV in the former case.
C NON-DECOUPLING OF THE H ± LOOP CONTRIBUTION TO THE h → γγ AMPLITUDE AND THE κ D < 0 SCENARIO We now show that for the Type-II 2HDM with κ D < 0, where v 2 g hH + H − /m H ± ∼ −2, and with κ D > 0, where Fig. 9 ), the loop functions are such that the charged Higgs loop contributes with the same sign as the top-quark loop and thus will reduce the h → γγ width, both canceling part of the W -loop contribution of the opposite sign. As we have seen earlier, and will show numerically below, we find that this reduction is sufficient to prevent the γγ channel from ever approaching the SM prediction and by an amount that will be seen at the LHC with high luminosity. Let us now give more details. We will employ a simplified version of the the notation of CPsuperH [79] . One finds: The function f (τ ) is that defined in Eq. (40) of Ref. [79] . In the τ → 0 limit, F 1/2 → 2/3, F 1 → 7 and F 0 → 1/3. In eq. (C.5), g f = gm f /(2m W ) and the other g's are defined by the interaction Lagrangians,
where g hH + H − ≡ G hH + H − /v as defined in eq. (C.1). 13 Relative to Ref. [13] , the F 1/2 defined here is one-half as large and F 0 has the opposite sign.
